We consider the Standard Model extended with a dark matter particle in curved spacetime, motivated by the fact that the only current evidence for dark matter is through its gravitational interactions, and we investigate the impact on the dark matter stability of terms in the Lagrangian linear in the dark matter field and proportional to the Ricci scalar. We show that this "gravity portal" induces decay even if the dark matter particle only has gravitational interactions, and that the decay branching ratios into Standard Model particles only depend on one free parameter: the dark matter mass. We study in detail the case of a singlet scalar as dark matter candidate, which is assumed to be absolutely stable in flat spacetime due to a discrete Z2 symmetry, but which may decay in curved spacetimes due to a Z2-breaking non-minimal coupling to gravity. We calculate the dark matter decay widths and we set conservative limits on the non-minimal coupling parameter from experiments. The limits are very stringent and suggest that there must exist an additional mechanism protecting the singlet scalar from decaying via this gravity portal. 
INTRODUCTION
Multiple astronomical and cosmological observations have by now demonstrated the existence of dark matter (DM), a non-luminous matter component in our Universe possibly constituted by a population of new particles not contained in the Standard Model (SM) of Particle Physics, which were produced in the very first stages of our Universe by an as yet unidentified mechanism (for a review, see [1] ). Within this framework the DM particle(s) are required to have a lifetime at least as large as the age of the Universe. Furthermore, if the DM particle decays producing photons, neutrinos or antimatter, the non-detection of excesses in the cosmic fluxes of these particles with respect to the expected backgrounds implies a DM lifetime orders of magnitude larger than the age of the Universe (for a review, see [2] ).
A simple possibility to ensure a sufficiently long lifetime consists in postulating a very light DM particle, such that the decay rate becomes naturally suppressed by the small phase space available. However, in many well motivated scenarios, notably those where the DM density is generated via thermal freeze-out, the DM particle is much heavier and a new symmetry, either global or local, must be introduced in order to ensure DM stability.
This argument is usually formulated in flat spacetime. However, since the only current evidence for DM is through its gravitational effects, it seems natural to embed the DM framework in curved spacetime. This extension might lead to qualitative differences in the DM phenomenology. In particular, whereas gauge symmetries are expected to be exact even in curved backgrounds, this might not be the case for global symmetries. As a result, and unless the DM particle is protected against decay by a local symmetry, the Lagrangian may contain effective operators, suppressed by powers of the Planck mass, inducing DM decay into SM particles with a long, albeit potentially measurable, lifetime.
In this paper we will investigate the possibility that the DM particle could decay via non-minimal coupling to gravity. We will assume that the DM is stable in flat spacetime due to a global symmetry, which is explicitly broken by gravitational interactions through a term proportional to the Ricci scalar, such that the global symmetry gets restored in the limit of flat spacetime. We will show that this "gravity portal" leads to DM decay, even if the DM does not have interactions with the SM, save for gravity. As an illustration, we will focus on the singlet scalar DM model, which is stabilized in flat spacetime by a global Z 2 symmetry, and we will explicitly calculate the decay channels and widths induced by a Z 2 -breaking non-minimal coupling term to gravity.
DARK MATTER NON-MINIMALLY COUPLED TO GRAVITY
In curved spacetime, the classical action of the SM extended with a DM particle reads:
Here g is the determinant of the metric tensor g µν , R is the Ricci scalar, κ =M
is the inverse reduced Planck mass, L DM is the part of the Lagrangian involving the DM particle and L SM is the SM Lagrangian, which can be cast as: bosons, fermions and scalars,
Above we have defined / ∇ = γ a e µ a ∇ µ , γ c being a Dirac matrix, e µc a vierbein and
In this work we will assume that the DM particle is stable in flat spacetime but can decay through operators linear in the dark matter field containing the Ricci scalar, which are in general expected unless forbidden by a gauge symmetry. The lowest-dimensional operator of this class is linear in R and can be generically written as
with ξ a dimensionless coupling parameter and F (ϕ, X) a real function of the DM field ϕ (and potentially other fields X), invariant under the Lorentz and SM gauge symmetries. Adding this non-minimal coupling term, the action reads
where
Eq. (5) is written in the so-called Jordan frame, where the DM field is explicitly coupled to the curvature operator. Both quantities can be decoupled by performing a Weyl transformation on the metric tensor:
which leads to
where tilded quantities refer to the transformed metric g µν . The action is now in the so-called Einstein frame, where the gravitational field equations take their canonical form. Explicitly, the Weyl-transformed SM Lagrangian reads:
and contains, upon Taylor expanding Ω(ϕ, X) in the DM field ϕ, linear terms in the latter which in turn induce DM decay into SM particles. 1 Similar terms will also induce proton decay through this gravity portal. Its lifetime can however be estimated to be orders of magnitude larger than the present experimental bound.
The concrete decay channels and rates depend on the nature of the DM particle. Nevertheless, from Eq. (9) one can already identify some general features of DM decay through non-minimal coupling to gravity. First, the decay widths are suppressed by powers of the Planck mass and are proportional to the non-minimal coupling parameter ξ squared. As a result, the decay branching rations will only depend on the DM mass. Second, since the gauge kinetic term remains invariant under the Weyl transformation, there is no fundamental coupling of the DM particle to diphotons or digluons. A coupling to the Z and the W boson pairs is, however, induced through the kinetic term of the Higgs boson. Third, in the absence of a cosmological constant term, there is no term in the Lagrangian inducing DM decay into gravitons at tree level.
In the remainder of the letter we will investigate in detail the gravitationally induced decays in the scalar singlet DM model and we will discuss the observational constraints on the non-minimal coupling parameter ξ.
SCALAR SINGLET DARK MATTER
Consider a real scalar field φ, singlet under the SM gauge group and charged under a discrete Z 2 symmetry [3, 4] . The part of the Lagrangian involving the DM particle reads, in the Jordan frame,
where the interaction terms in the potential are assumed to be invariant under the transformation φ → −φ. We assume that the Z 2 symmetry that ensures the stability of the DM holds in flat spacetime, but may be broken in curved spacetimes, leading to DM decay. The lowestorder Z 2 -breaking term is
where M is a mass parameter introduced so that ξ is dimensionless. For this interaction term, the Weyl factor defined in Eq. (6) reads Ω 2 (φ) = 1 + 2κ 2 ξM φ. Using Eq. (9) and expanding L SM to first order in φ we obtain
which induce DM decay into SM particles. 2 We note that this "gravity portal" induces decay even when the
Decay mode
Rate proportional to φ → hh, W W, ZZ m P . Hence, on dimensional grounds, the decay rate must contain an additional factor with dimensions of mass to the third power. The precise form of this factor is listed for each channel in the right column of table I.
For DM masses below the electroweak scale, the dominant decay channel is expected to be φ → qqg (or φ → ff γ when the hadronic decays are kinematically forbidden), due to the helicity suppression of the rate for φ → ff . On the other hand, for very large DM masses the four-body decays φ → W W hh, ZZhh are expected to dominate, due to the enhancement in the rate by a factor m The exact values of the branching ratios are shown in Fig. 1 ; the decay processes φ → ff γ, φ → 3h, φ → 4h, φ → ff h and φ → W W h, ZZh have branching ratios below 5% and are not shown in the Figure. As anticipated above, the dominant decay modes are φ → qqg for m φ ∼ 1 − 200 GeV, φ → W W, ZZ, hh, tt, qqg for m φ ∼ 200 GeV − 1 TeV, φ → ff W, ff Z for m φ ∼ 1 − 100 TeV and φ → W W hh, ZZhh for m φ 100 TeV. Details about the calculation will be presented in a forthcoming publication [5] .
The requirement that the DM particle has a lifetime longer than the age of the universe and, more importantly, the non-observation of the gamma-rays, antimatter particles and neutrinos produced in the decay over the expected astrophysical backgrounds, sets strong limits on the non-minimal coupling ξ. For the two-body decay channels φ → W W, ZZ, hh, ff detailed studies exist. In particular, limits on the partial width into W W have been derived in [6] employing the extragalactic gammaray flux extracted from the Fermi-LAT data [7] , and read Γ [8] and antiproton data [9] . In the m φ ∼ 0.2 TeV − 30 TeV mass range, the limits on the decay width from neutrino data are weaker [10] . However, for heavier DM particles, neutrino experiments provide the most stringent bounds on the (inverse) decay width: for decay channels producing hard neutrinos, the limit on the inverse width is Γ −1
10
26 − 10 27 s for m φ ∼ 10 TeV − 10 15 GeV [11] . A dedicated analysis of the gravitationally induced three-and four-body decays in the scalar singlet DM scenario is beyond the scope of this work. In view of the bounds resulting from neutrino experiments, we will impose the conservative lower limit Γ −1
24 s over the whole mass range for all the decay channels.
We show in Fig. 2 the inverse total decay width of the scalar singlet DM for non-minimal coupling parameters ξ = 1, 10 −8 and 10 −16 , assuming M =M P . We also show for comparison the age of the Universe, τ U ≈ 4×10
17 s, and the conservative lower limit on the inverse decay width from neutrino telescopes Γ −1
24 s. As apparent from the plot, non-minimal coupling parameters O(1) lead to a DM lifetime which is orders of magnitude shorter than the age of the Universe. Furthermore, the non-observation in experiments of the neutrinos produced in the decay require ξ 10 −8 (10 −16 ) for m φ ∼ 100 GeV (3 × 10 5 GeV). More concretely, an approximate lower bound on the total decay width is
which follows from considering just the dominant decay channel in the given mass range, where n q is the number of quarks kinematically accessible in the decay. Therefore, the requirement Γ Clearly, for the singlet scalar DM model, there must exist a mechanism suppressing the non-minimal coupling to gravity, especially for very large DM masses.
CONCLUSIONS
We have investigated the possibility that the dark matter could decay via a non-minimal coupling to gravity. The leading operator of this class is linear in the dark matter field and in the Ricci scalar, and is in general present in the Lagrangian, unless forbidden by a gauge symmetry. The decay rates through this "gravity portal" are suppressed by powers of the Planck mass and are proportional to the square of the non-minimal coupling parameter. Notably, the rates are non-vanishing even if the dark matter only has gravitational interactions. Furthermore, the decay branching ratios into Standard Model particles depend only on one free parameter, the dark matter mass, rendering a fairly predictive framework.
We have illustrated dark matter decays via this "gravity portal" in a simple scenario, where the dark matter particle is a scalar singlet which is stabilized in flat spacetime by a Z 2 symmetry. We have assumed that the nonminimal coupling to gravity breaks the Z 2 symmetry and we have identified the dominant decay channels. Finally, we have calculated a constraint on the non-minimal coupling parameter from the non-observation in experiments of an excess in the cosmic neutrino fluxes. The limits are very stringent and strongly indicate that an additional stabilization mechanism must be at work in the scalar singlet dark matter scenario, possibly based on local invariance, in order to ensure a sufficiently long-lived dark matter particle.
